Right ventricular apex (RVA) pacing may have deleterious effects on left ventricular (LV) systolic function, but its impact on LV diastolic function has not been explored.
Introduction
Right ventricular apex (RVA) pacing may result in left ventricular (LV) systolic dysfunction and heart failure even in those without pre-existing systolic dysfunction, 1 -5 an effect possibly owing to RVA pacing-induced systolic dyssynchrony. 6 Left ventricular diastolic function is an equally important component of the cardiac cycle, which is closely coupled with systolic function. In particular, early diastolic function is an energy-dependent process consuming ATP, and yet is also dependent on the mechanical properties of the ventricle such as chamber pressure, annulus recoil, and stiffness. 7 However, there is little information on the effects of RVA pacing on diastolic function. Early studies were unable to draw a clear conclusion on the effect of RVA pacing on LV diastolic function, and its relationship with changes in systolic function. 8 -11 Furthermore, whether the impact of RVA pacing on LV function differs in patients with and without pre-existing LV diastolic dysfunction has not been explored. This is particularly relevant in the population paced for bradycardia who are usually older and who will have an age-related decline in diastolic function. This may be significantly worsened by RVA pacing sufficiently to cause symptoms despite a normal LV ejection fraction (EF).
Therefore, we aimed to determine the effect of RVA pacing on LV diastolic function in a typically elderly pacemaker population with bradycardia and preserved EF, and correlate with changes in systolic function. Two pre-defined groups of patients with either normal LV diastolic function or existing LV diastolic dysfunction during intrinsic ventricular conduction were assessed separately.
Methods

Study population
This study included 97 patients with sinus node dysfunction and a normal LVEF (≥50%) implanted with an RVA-based dual-chamber pacemaker for at least 6 months. Ventricular intrinsic sensing was made available by prolonging the atrioventricular interval. The exclusion criteria included atrial lead implanted at sites other than the right atrial appendage, ventricular lead implanted at sites other than the RVA, complete heart block, history of clinical heart failure or acute coronary syndrome, LVEF ,50%, atrial fibrillation during echocardiographic examination, significant valvular dysfunction, conditions deemed unsafe to temporarily withhold ventricular pacing, and cardiac diseases that may result in regional wall motion abnormalities or impairment of systolic function. Both clinical data and the cumulative percentage of ventricle pacing in the past 6 months were retrieved. The study protocol was approved by the Ethics Committee of the institution and patients provided written informed consents.
Study protocol
Echocardiography was performed at rest during intrinsic ventricular conduction (V-sense) and during RVA-based pacing at DDDR-mode (V-pace) in a random order determined by tossing the coin. During V-sense, atrioventricular interval was prolonged progressively to ensure intrinsic conduction without fusion. When programmed to V-pace, the atrioventricular interval was progressively shortened until RVA pacing occurred without fusion, which was confirmed by the left bundle branch block (LBBB) pattern on electrocardiogram. The atrial pacing rate was set at a low value (typically ≤ 50 b.p.m.) to allow intrinsic rate with atrial sensing unless patients were dependent on atrial pacing. Therefore, the heart rate and atrial pacing mode were kept the same in each patient during V-sense and V-pace. V-pace was maintained for the duration of the echocardiographic examination only. Patients were allowed to rest for at least 15 min before echocardiographic examinations were repeated.
Echocardiography
Standard echocardiography with tissue Doppler imaging (TDI) was performed (iE33, Phillips, Andover, MA, USA) with exactly the same setting at V-sense and V-pace mode in a same patient. The LV volumes and EF were assessed by biplane Simpson's equation. The left atrial size was measured with M-mode at the end-systole. Mitral inflow velocities were obtained at the mitral leaflet tips to measure early diastolic (E) and atrial (A) wave velocities, the E/A ratio, and the E wave deceleration time (DT). Left ventricular diastolic function was classified as normal (E/A ratio . 1, DT ¼ 160 -240 ms), abnormal relaxation pattern (E/A ratio , 1, DT . 240 ms), pseudonormal filling (E/A ratio ¼ 1-2, DT ¼ 160 -240 ms), and restrictive filling (E/A ratio . 2, DT , 160 ms).
12 When E/A ratio was between 1 and 2
and DT was between 160 and 240 ms, patients with early diastolic velocity ≥8.5 cm/s by spectral pulse-wave TDI was classed as normal diastolic function. 13 Abnormal relaxation pattern, pseudonormal and restrictive filling pattern were regarded as LV diastolic dysfunction. Spectral pulse-wave TDI was performed in the apical four-chamber view by placing a 5 mm sample volume at the septal and lateral mitral annulus to assess the peak myocardial systolic (S ′ ) and early diastolic (E ′ ) velocities ( Figure 1A and B) acquired from the mean value of three cardiac cycles, while the mean S ′ or E ′ was calculated by averaging the values from the septal and lateral annulus, respectively.
Colour-TDI was performed using apical (two-chamber, fourchamber, and apical long-axis) views with optimization of pulse repetition frequency, colour saturation, sector size, and depth that allowed a possible highest frame rate.
14 At least three consecutive beats were stored, and the images were analysed off-line by a customized software package (QLAB 6.0, Phillips). With reference to the onset of the QRS complex, systolic dyssynchrony was calculated with the standard deviation of the time-to-peak myocardial systolic velocity in ejection phase, without including possible contribution by isovolumic contraction curve or post-systolic curve if their values were higher than the ejection peak, among the 12 LV segments (Ts-SD). Similarly, diastolic dyssynchrony was assessed from the standard deviation of time-to-peak myocardial early diastolic velocity among the 12 LV segments (Te-SD). The echocardiographic data were measured by the same doctor, and the two time points were scrambled to avoid bias. The inter-observer and intra-observer variabilities for measuring dyssynchrony were compared in 60 consecutive measurements in two independent observers and the corresponding rates were 4.7 and 3.2%, respectively.
Statistical analysis
Statistical software of SPSS version 13 (SPSS Inc, Chicago, Illinois, USA) was used to analyse all the data. Results are presented as mean values + SD, and Kolmogorov -Smirnov test was applied to test the normality. Paired t-test and Wilcoxon's signed-rank test was used when appropriate. Categorical variables were compared by Pearson x 2 test. Pearson's correlation was performed and analysis of covariance was done using general linear model to adjust the effect of age on the dependent variables. Multivariate logistic regression analysis was used to explore the independent factors of reduction in LV myocardial velocities from V-sense to V-pace. All the tests performed were two-sided where a P-value of ,0.05 was considered statistically significant.
Results
Baseline characteristics of the study population
The mean age of the patients was 68 + 11 years and there were 29 (30%) males. Pacemaker implantation occurred on average at 4.8 + 4.0 years before participation in the study. Diabetes mellitus was present in 21 (22%) patients, coronary heart disease in 26 (27%), and hypertension in 58 (60%). Medical therapy included b-blockers in 43 (44%), angiotensin-converting enzyme-inhibitors (ACE-I) or angiotensin receptor blockers (ARB) in 17 (18%), 
Comparison of diastolic and systolic parameters between V-sense and V-pace
With respect to the LV diastolic function, there were no changes in the transmitral E and A velocities and E/A ratio between V-sense and V-pace modes, while the DT of E wave was mildly prolonged at V-pace. In contrast, the LV septal E ′ , lateral E ′ , and mean E ′ velocities (P , 0.001) were reduced significantly during V-pace (P , 0.001; Table 1 ). The decline in the mean E ′ of ≥1 cm/s was observed in 35 (36%) patients. Te-SD was slightly increased at V-pace (P ¼ 0.011), while diastolic dyssynchrony was observed in 35 patients (36%) by using a cut-off value of Te-SD . 34 ms. With V-sense, 39 (40%) patients had a normal diastolic filling pattern and were considered not to have pre-existing diastolic dysfunction. The other 58 (60%) patients had an abnormal filling pattern, 41 patients with an abnormal relaxation pattern, and 17 patients with a pseudonormal pattern. Deterioration of LV filling pattern occurred in 12 (12%) patients during V-pace, only 1 shifting from a normal to an abnormal relaxation pattern, and the other 11 shifting from an abnormal relaxation to pseudonormal pattern (Z ¼ 2 3.464, P ¼ 0.001; Table 1 ).
With V-pace turned on, LVEF was reduced, while LV volumes were increased ( Table 1) . Left ventricular ejection fraction was reduced to ,50% with V-pace in eight patients (8% Figure 2A ) and V-pace (r ¼ 0.699, P , 0.001; Figure 2B ). Moreover, the extent of reduction in mean S ′ and E ′ from V-sense to V-pace also showed a good relationship (r ¼ 0.588, P , 0.001; Figure 2C ).
Impact of pre-existing left ventricular diastolic dysfunction on left ventricular systolic and diastolic functions after V-pace
Patients without pre-existing diastolic dysfunction (Group 1, n ¼ 39) were compared with those having pre-existing diastolic dysfunction (Group 2, n ¼ 58). There was no difference in gender, body surface area, QRS duration, medical history, and medications between the two groups, while patients in Group 2 had an older age ( Table 2 ). In addition, the accumulative ventricular pacing burden in the past 6 months was similar between the two groups (42 + 39 vs.36 + 33%, P ¼ 0.47) at the time of enrolment. With respect to LV diastolic function, patients in Group 2 had a lower transmitral E velocity, higher A velocity, and hence lower E/A ratio at V-sense when compared with those in Group 1, but these parameters did not significantly change at V-pace in both the groups. E-wave DT was only slightly prolonged in Group 2 during V-pace. However, the LV septal E ′ , lateral E ′ , and mean E ′ velocities were lower in Group 2 than in Group 1 during V-sense (all P , 0. Table 3) , and remained unchanged in Group 1 (Figure 3 ), but further reduced in Group 2 when switched to V-pace (all P , 0.001; Figure 4 ). Furthermore, reduction of mean E ′ ≥ 1 cm was observed in 7 (18%) patients of Group 1 and 28 (48%) patients of Group 2 (x 2 ¼ 9.3, P ¼ 0.002). Diastolic dyssynchrony as shown by Te-SD was slightly higher in Group 2 when compared with Group 1 both at V-sense and V-pace mode, although it was unchanged between V-sense and V-pace in both groups. Although LV volumes and LVEF were not different between the two groups with V-sense, the LV septal, lateral, and mean S ′ velocities were significantly lower in Group 2 than in Group 1 (all P , 0.001; Table 3 ). With V-pace mode, LV volumes, LVEF, and S ′ velocities remained unchanged in Group 1 (Figure 3) , while LV volumes (both P , 0.001) were increased with decrease in EF (P ¼ 0.004) as well as all the measured S ′ velocities (all P , 0.001) in Group 2 ( Figure 4) . Reduction of mean S ′ ≥ 1 cm/s was found only in 10 (26%) patients in Group 1 and 35 (60%) patients in Group 2 (x 2 ¼ 11.3, P ¼ 0.001).
Even after age adjustment, E ′ velocities were consistently lower with both V-sense and V-pace modes in Group 2 than in Group 1 (all P , 0.001). Age-adjusted S ′ velocities were lower in Group 2 at V-pace (all P , 0.001) though there was a tendency without statistical significance when compared with Group 1 at V-sense. When switched from V-sense to V-pace, both S ′ and E ′ velocities with age adjustment were essentially unchanged in Group1, while being significantly reduced in Group 2 (all P , 0.05).
Factors related to reduction in myocardial velocity with V-pace
Multivariate logistic regression analysis was performed to explore independent factor(s) of reduction in mean E ′ velocity as well as S ′ velocity ≥ 1 cm/s with V-pace ( were the two independent factors of reduction in mean E ′ and mean S ′ ( Table 4 ).
In the whole group, 37 patients (38%) had coexistence of both pre-existing LV diastolic dysfunction and systolic dyssynchrony with V-pace, 21 (21%) had pre-existing LV diastolic dysfunction pattern but no dyssynchrony with V-pace, 12 (12%) had systolic dyssynchrony with V-pace but no pre-existing LV diastolic dysfunction, while 27 patients (28%) had neither of the conditions. The prevalence of reduction in mean E ′ ≥ 1 cm/s in these four subgroups were 20 (54%), 8 (38%), 3 (25%), and 4 (15%) patients, respectively (x 2 ¼ 11.15, P ¼ 0.011; Figure 5A) . Similarly, the prevalence of reduction in mean S ′ ≥ 1 cm/s in four subgroups were 26 (70%), 9 (43%), 4 (33%), and 6 (22%) patients, respectively (x 2 ¼ 15.75, P ¼ 0.001; Figure 5B ).
Discussion
Our study demonstrated the negative impact of RVA pacing on LV diastolic function in patients with preserved EF, which occurred mainly in those with pre-existing LV diastolic dysfunction. Moreover, LV diastolic dysfunction was also associated with subclinical systolic dysfunction as evidenced by a reduction of mean S ′ .
Another factor that determined the development of both diastolic and systolic dysfunctions was the occurrence of systolic dyssynchrony induced by RVA pacing.
The differential impact of pre-existing left ventricular diastolic dysfunction on reduction of cardiac function after right ventricular apex pacing
Previous studies assessing the effect of RVA pacing were limited by the lack of information on diastolic function and small sample sizes. Several animal and human studies in which diastolic function was evaluated have arrived at conflicting conclusion. 9, 10, 15 There has been no previous attempt to explore the impact of pre-existing LV diastolic dysfunction on LV systolic and diastolic functions after RVA pacing in patients with preserved EF. Our relatively large study examined the different effects of RVA pacing on LV function in patients with and without pre-existing diastolic dysfunction. Despite an identical EF, the LV diastolic dysfunction group had 
lower values of both S
′ and E ′ at V-sense mode. This is in keeping with previous studies that have shown reduced long axis in both systole and diastole in a wide range of conditions, where LVEF is normal and even in those with apparent isolated diastolic dysfunction.
10,11
The underlying pathophysiology of diastolic dysfunction is complex and involves a range of histological and molecular abnormalities, such as increased myocardial interstitial fibrosis, matrix remodelling, titins, and adreno-receptor abnormalities as well as neurohormonal activation. 16 -20 When LV diastolic dysfunction already exists, additional stress provoked by acute RVA pacing might induce further functional abnormalities that would jeopardize systolic and diastolic functions, such as electromechancial delay owing to pacing-induced LBBB pattern and regional perfusion defect. 2, 6 Our observation that LV systolic function is reduced after programming to RVA pacing is compatible with previous observations 6, 21, 22 and known since Wiggers 23 observations in 1922 that stimulation from a ventricular focus rather than supraventricular produced a reduced pulse pressure, prolongation of both isometric contraction, and systolic ejection time in normal hearts. Delayed activation has a pronounced effect on the time course of systolic function which will impinge on diastolic function. 24 We found not only a significant decrease in EF, but an increase in LV volume even in the acute state. Such changes mainly occurred in patients with pre-existing LV diastolic dysfunction who presumably also had some degree of subclinical systolic dysfunction which was worsened by RVA pacing.
Impact of right ventricular apex-induced systolic dyssynchrony on left ventricular diastolic and systolic functions
Dyssynchrony by itself will impair systolic function and recent studies have suggested that RVA pacing-induced systolic dyssynchrony impairs systolic function in patients paced for bradycardia indications. 5, 6 Interestingly, the prevalence of RVA pacing-induced systolic dyssynchrony was only 50% in patients with preserved EF. 1, 25 Our study demonstrates that systolic dyssynchrony also apparently worsens diastolic function. Therefore, our data corroborate the notion that systolic and diastolic functions are closely coupled as supported by the reasonably good correlation coefficient between mean S ′ and E ′ , as well as the extent of reduction in mean S ′ and E ′ when programmed to V-pace. Yip et al. 26 also found a tight curvilinear relationship between the absolute peak systolic and early diastolic velocities in a range of cardiac diseases and normal subjects. Therefore, electromechanical delay in systole owing to RVA pacing-induced LBBB pattern also has a negative impact on diastolic function, which is as predicted by the notion that systolic abnormalities of function have a profound impact on early diastolic filling and recoil. 27 Despite the normal EF, these major functional abnormalities of systole and diastole can be detected by TDI. Furthermore, pacing-induced systolic dyssynchrony would appear to have a higher prevalence of LV function deterioration when combined with the presence of pre-existing LV diastolic dysfunction. It is controversial whether diastolic dyssynchrony is induced by RVA pacing according to previous limited studies. 15, 28 In our study, diastolic dyssynchrony, although slightly worsened after RVA pacing, did not play a role in determining the reduction of diastolic and systolic functions.
Study limitations
Most limitations were inherent to the acute and cross-sectional study design. Therefore, a prospective study with regular follow-up should be performed to demonstrate the vulnerability of preexisting diastolic dysfunction in long-term RVA pacing. Furthermore, abnormal diastolic function was more prevalent in our study owing to the older age of the patients, but these are typical of the pacing population who would receive RVA pacing. Recruitment of patient with normal diastolic filling pattern may further consolidate our hypothesis. The cut-off of 1 cm s -1 for changes in velocities was arbitrary but represents rather .10% of the normal value of annular velocities.
Implications of the study
Right ventricular apex pacing may induce diastolic and systolic dysfunctions, particularly in patients with pre-existing diastolic dysfunction and in those developing systolic dyssynchrony after pacing. These patients will, most likely, have increased risk of developing heart failure on long-term pacing irrespective of EF. 3, 29 Therefore, alternative pacing sites have been suggested such as right ventricular septal or outflow tract pacing. However, recent studies have suggested that pacing at these locations does not reduce the severity of systolic dyssynchrony. 30, 31 Therefore, new pacing sites with either LV or biventricular pacing are potential alternatives, and algorithms that minimize the amount of dyssynchrony are potential solutions. 32 
